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 The O-atom exchange reaction, 16O(3P) + 18O18O(3Σg−) → 16O18O(3Σg−) + 18O(3P), was 
investigated at a hyperthermal center-of-mass (c.m.) collision energy (Ecoll) of 86 kcal mol-1, 
using a crossed-molecular-beams apparatus and quasi-classical trajectory (QCT) calculations.  
The inelastically scattered 16O and reactively scattered 16O18O products were detected with a 
rotatable mass spectrometer employing electron-impact ionization.  The 16O atoms are scattered 
in inelastic collisions in the forward direction relative to their initial direction of flight, with most 
of the available energy partitioned into translation (<ET> = 90%).  The 16O18O products of 
reactive collisions are mainly formed through impulsive dynamics and are scattered in the 
forward as well as sideways directions relative to the direction of the reagent 16O atoms, with a 
slight majority of the available energy partitioned into translation (<ET> = 58%) and a significant 
contribution to internal degrees of freedom.  Excellent agreement was found between the 
experimental c.m.  angular and translational energy distributions of the inelastically scattered 16O 
and reactively scattered 16O18O products and those obtained from QCT calculations, which were 
carried out on a ground-state singlet electronic potential energy surface.  The QCT calculations 
predicted 16O18O products that are both highly rotationally and vibrationally excited, with 
j'(16O18O) up to 150 and v'(16O18O) up to 15, respectively.  The QCT simulations indicate that the 
translational energy distribution of the reactively scattered 16O18O is bimodal, corresponding to 
two distinct interaction mechanisms that are dependent on impact parameter: one at impact 
parameters below ~0.5 Å and another in the vicinity of 1.6 Å.  Collisions in the former regime 
produce 16O18O with internal energy closer to the maximum available energy while the latter 
mechanism, involving strong interaction within the O3 potential well, is responsible for the low-
energy peak of the product translational distribution.  The inelastic collisions also follow two 
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basic impact-parameter-dependent mechanisms.  At impact parameters above 2.1 Å, the 16O 
atom is reflected from the outer repulsive wall of the O2 molecule, resulting in exclusively 
forward scattering, while collisions at impact parameters below ~2 Å access the O3 potential well 
and lead to ejection of either an 16O or an 18O atom.  Scattering remains preferentially forward in 
both cases due to the large momentum of the attacking 16O atom.    
I.   INTRODUCTION 
The O-atom exchange reaction O'(3P) + O2(3Σg−) ! O'O(3Σg−) + O(3P) has attracted 
special interest because of its importance in atmospheric chemistry and the curious isotope effect 
it exhibits.1, 2  This reaction occurs in Earth’s atmosphere and competes with ozone formation.  
The kinetics of ozone formation and depletion are well documented in the ozone-oxygen cycle, 
also known as Chapman mechanism.3  This cycle begins with collisions of atomic and molecular 
oxygen to form metastable ozone (O3), which can be stabilized after transfer of its excess energy 
to a third partner.  Ozone absorbs ultraviolet light from the Sun and photodissociates with the 
involvement of multiple electronic potential energy surfaces (PESs) to re-form atomic and 
molecular oxygen.4-7 Very interesting isotope effects have been reported in ozone chemistry.8, 9  
Several groups have reported unusual enrichment of heavy ozone, 50O3, in stratospheric ozone 
samples.10-12_ENREF_13_ENREF_16  Numerous explanations for the unexpected enrichment 
have been offered in the literature since then.  Isotope-dependent rates of ozone formation and 
the competing atom exchange reactions have been measured,13-16 and the small change in reaction 
exoergicity due to the difference in zero-point energies of different isotopologues was proposed 
as a possible explanation for the unexpected isotope enrichment.  However, zero-point energy 
effects may not be sufficient to alter ozone kinetics significantly,16 leading to the conclusion that 
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the isotope effect is dynamically driven.17-21 It seems clear that the dynamics of both the 
bimolecular step and the collisional stabilization of the transient O3 complex are important.22  
The lack of detailed dynamical data on the bimolecular O-atom exchange reaction 
motivated joint experimental and theoretical investigations of the reaction,  
18O(3P) + 16O16O(3Σg−) → 16O18O(3Σg−) + 16O(3P),     (1) 
which were carried out at center-of-mass (c.m.) collision energies of Ecoll  = 5.7 and 7.3 kcal 
mol-1.1, 2  The c.m. angular and translational energy distributions of 16O18O products were derived 
from crossed-molecular-beams experimental results.  The angular distribution showed forward-
backward symmetry with slight preference for scattering in the forward direction relative to the 
direction of the incoming reagent 18O atoms.  The total c.m. translational energy distribution 
showed a maximum close to the available energy (Eavl), suggesting relatively little rotational and 
vibrational excitation in the products.  The rotational distribution of product 16O18O was 
determined to be non-statistical.  Quantum statistical (QS) and quasi-classical trajectory (QCT) 
calculations were carried out by Van Wyngarden et al.1, 2 on the ground-state PES developed by 
Babikov et al.,23 based on the earlier work of Siebert, Schinke, and Bittererova.24  This PES for 
the O + O2 system is characterized by a deep well corresponding to O3, with a submerged 
potential barrier (“reef”) in the O + O2 entrance/exit channel, now thought to be an artifact.25-27  If 
the complex lived long enough, then the energy would be completely randomized among the 
degrees of freedom, and the products would be scattered into all spatial directions with equal 
probability, corresponding to a forward-backward symmetric c.m. angular distribution.  The QS 
model, assuming complete randomization of the energy in the complex, produced exactly such a 
distribution.  However, the slight forward-scattering bias for the O-atom exchange product 
observed in the experiments indicated that the energy is not completely randomized in the 
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collision complex.  The QCT calculations, handling the dynamics explicitly, capture the forward 
bias of the experiments, but the calculations predict a stronger forward bias than what was 
observed.1, 2  Nevertheless, both the experiment and QCT calculations provided direct evidence 
that the O-atom exchange dynamics are not statistical.  This non-statistical nature of the reaction 
was further confirmed by recent quantum scattering calculations.9,21 
While the previous studies of O-atom exchange in O + O2 collisions have relevance to 
thermally equilibrated processes in the atmosphere, there are also situations in the natural 
atmosphere and in induced environments where highly non-equilibrium conditions may lead to O 
+ O2 collisions at hyperthermal collision energies of tens of kcal mol-1.  The source of O atoms in 
the natural atmosphere is photodissociation of O2 and O3 by solar ultraviolet light, which may 
lead to very fast O atoms and subsequent collisions at hyperthermal velocities.  For example, 
O(3P) may be formed with velocities as high as 6 km s-1,28, 29 corresponding to Ecoll ~ 46 kcal 
mol-1.  Hyperthermal O + O2 collisions can also occur in the shock layer of a hypersonic 
vehicle,30-32 where temperatures may be many thousands of degrees Kelvin and a small fraction 
of collisions may therefore occur with relative velocities greater than 6 km s-1.  In addition, the 
high temperature and velocity exhaust gas of an air-breathing hypersonic vehicle, such as a 
scramjet,33, 34 may allow for O + O2 collisions at hyperthermal collision energies.  In hypersonic 
flow environments, both inelastic energy transfer and O-atom exchange reactions are important 
in models of energy exchange that aim to predict the structure of the shock wave.  The high 
energies associated with collisions of O with O2 under extreme conditions have the potential to 
alter the dynamics substantially and lead to a large non-statistical disposal of energy into the 
products.  At hyperthermal collision energies, any higher energy barriers that might prevent 
entrance into the O3 potential well from certain directions could be surmounted, leading to 
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reaction at collision geometries that would be forbidden or improbable at lower energies and 
subsequent angular distributions and energy disposal into product degrees of freedom that would 
not easily be predictable.  In addition, high collision energies could shift the balance between 
inelastic and reactive (O-atom exchange) collisions, thus affecting the internal state distributions 
of the O2 products.     
The dynamics of hyperthermal inelastic or reactive collisions may, in principle, be 
affected by the involvement of multiple PESs; thus, the potential challenge for theory in 
describing hyperthermal collision dynamics is high.  Nevertheless, it has been found for the 
hyperthermal atom-exchange reactions that have been studied to date (O + C18O,35 O + C18O2,36 O 
+ H2O,37 and O2 + C18O238) that calculations on a ground-state PES were in good agreement with 
the results of crossed-molecular-beams studies, leading to the conclusion that the hyperthermal 
collision dynamics for these systems are dominated by a ground-state PES.  The O + O2 system 
might therefore also be well characterized by a ground-state PES.  Even if the ground-state O3 
PES does control the dynamics at hyperthermal collision energies, it is also unclear a priori how 
its potential energy well may influence the dynamics at these energies.  By extending the 
experimental and theoretical study of O + O2 collisions to hyperthermal energies, the details of 
the dynamics of this system that are relevant to extreme natural and induced environments can be 
revealed, and the validity of a PES in current use may be tested for its relevance in such 
environments.   
 We have conducted a joint experimental crossed-molecular-beams and theoretical QCT 
investigation, on a ground-state PES, that considers both inelastic and reactive collisions of 
16O(3P) with 18O18O(3Σg−) at a hyperthermal collision energy.  The experiment can distinguish 
between the inelastic and reactive channels through the detection of 16O and 16O18O, respectively, 
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and has provided differential cross sections for these channels that are not resolved by the internal 
state of O2.  The QCT calculations agree well with the experiment and address the state-to-state 
cross sections for the inelastic scattering interaction, 
16O(3P) + 18O18O(3Σg−, v = 0, j)  → 16O + 18O18O(3Σg−,v', j'),    (2) 
and the O-atom exchange reaction, 
16O(3P) + 18O18O(3Σg−, v = 0, j) → 18O + 16O18O(3Σg−,v', j').   (3) 
The inelastic scattering dynamics are reported here for the first time, for any collision energy, and 
the dynamics of the O-atom exchange reaction differ substantially from what was observed for 
relatively low-energy collisions of O amd O2.  The QCT calculations predict the experimental 
results well, suggesting that the ground-state PES that was used is sufficient for describing the 
dynamics of hyperthermal O + O2 collisions. 
 
II.  EXPERIMENTAL METHODS 
 
The experiments were performed with the use of a crossed-molecular-beams apparatus 
equipped with a rotatable mass spectrometer detector and a hyperthermal atomic-oxygen beam 
source.  The details of the apparatus and molecular beam source have been described earlier.39  A 
pulsed, hyperthermal atomic-oxygen beam was crossed at right angles with a pulsed, supersonic 
beam of 18O18O gas (Sigma Aldrich, 99%).  Both beams operated at a repetition rate of 2 Hz.   
The hyperthermal atomic-oxygen beam was produced with a laser-detonation source 
employing a piezoelectric pulsed valve of our own design.  Molecular oxygen at a pressure of 
500 psig was used as the precursor gas.  At a delay set in the range 170-190 µs after the 
triggering of the pulsed valve, a ~7.0 J pulse-1 CO2 TEA laser was fired.  The IR laser light at 
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10.6 µm passed through an antireflection coated ZnSe window into the source chamber where it 
was focused into the nozzle using a bare gold mirror of 1 m radius of curvature.  The 
concentrated laser pulse initiated a breakdown of the gas and heated the resulting plasma to more 
than 40,000 K. The detonation wave dissociated and accelerated the oxygen gas in the conical 
nozzle (10 cm long, 20° included angle).  The resulting beam pulse contained both atomic and 
molecular oxygen, traveling at hyperthermal velocities in the range  ∼6−9 km s−1.  The 
hyperthermal beam pulse followed a doubly differentially pumped path that started at the apex of 
the conical nozzle and then passed through two apertures at 83.5 cm (10 mm diameter) and 89.5 
cm (2 mm diameter) before reaching the main scattering chamber.   A relatively narrow range of 
velocities was selected from the overall beam pulse with the use of a synchronized, 17.8-cm-
diameter chopper wheel rotating at 300 Hz.  The chopper wheel had three slots, 1.5 mm wide, 
and was placed just past the 2 mm diameter aperture.  The velocity-selected hyperthermal beam 
crossed the supersonic beam at 95.2 cm from the nozzle apex.   The nominal velocity of the O-
atom beam used to study the 16O(3P) reaction with 18O18O was 8026 m s-1, corresponding to a c.m. 
collision energy of Ecoll = 86 kcal mol-1.   The full width at half maximum (FWHM) of the O-atom 
beam velocity was ~587 m s-1, corresponding to a c.m. collision energy width of 12 kcal mol-1.   
The mole fraction of atomic oxygen in the beam was approximately 80 percent, with the balance 
being O2.     
The pulsed beam of pure 18O18O was created by using a second piezoelectric pulsed valve, 
with a nozzle diameter of 1.0 mm.   The stagnation pressure was 1500 Torr.  The pulsed beam 
started at the nozzle, traveled 3 cm and passed through a 5-mm-diameter skimmer into a 
differential pumping region, then traveled 2.5 cm more before passing through a 2.5-mm-diameter 
aperture into the main scattering chamber (held at ~10-7 Torr).   From the aperture, the beam 
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traveled 1.5 cm to the crossing point of the two beams.   The distance from the nozzle to the 
crossed-beams interaction region was therefore 7 cm.  The nominal 18O18O beam velocity was 
estimated to be ~694 m s-1.  The velocity of the 18O18O beam was about 1/12 that of the O-atom 
beam, and the beam velocity width was therefore very narrow compared to that of O-atom beam.  
Thus the velocity width of the 18O18O beam was not considered in the analysis.   
Scattered products went through an electron-impact ionizer,40 which was 33.7 cm from 
the nominal crossing point of the two beams.  The ionized products were mass-selected by a 
quadrupole mass filter and then counted by a Daly-type ion counter.41  Number density 
distributions, N(t), of scattered products were accumulated as a function of their arrival time with 
a multi-channel scaler.  These number density distributions, which are commonly called time-of-
flight (TOF) distributions, were collected at different detector angles and were integrated to give 
laboratory angular distributions N(Θ).  The laboratory angle, Θ, is the detection direction with 
respect to the hyperthermal O-atom beam, where 0° is aligned with the O-atom beam and 90° is 
aligned with the 18O18O beam.  Figure 1a shows a Newton diagram for inelastic scattering 
(purple) and O-atom exchange (blue) with all available energy portioned into translation, with 
Ecoll = 86 kcal mol-1.  The laboratory frame angular detection range used in the experiment is also 
shown.  The c.m. collision energy distribution is shown in Figure 1b.  A forward convolution 
method was used to derive a c.m. translational energy distribution, P(ET), and a c.m. angular 
distribution, T(θ), from the laboratory TOF and angular distributions.39  
TOF distributions of 16O18O reaction products were collected at a mass-to-charge ratio 
(m/z) of 34 (16O18O+); TOF distributions of inelastically scattered 16O atoms were detected at m/z 
= 16 (16O+).  These distributions were collected in 2° increments from Θ = 6° to 24° and in 3° 




III. THEORETICAL METHODS 
  
Calculations were carried out on an electronic ground-state PES developed by Babikov et 
al.23 and another by Dawes et al.,26 using the standard quasiclassical trajectory (QCT) method for 
both reactive and nonreactive collisions, with the Gaussian weighting method and the standard 
histogram technique for reference.  State-to-state quantum dynamics at such high collision 
energies are still too difficult.  Details of QCT calculations are reported in Refs. 2, 42-44 
_ENREF_25 The parameters specific to the calculations presented here are as follows.  The 
collision energy was set at 86 kcal mol-1 (3.73 eV) or was selected randomly from a Gaussian 
distribution centered at the same energy with a width parameter of 6 kcal mol-1, corresponding to 
the spread in the experimental c.m. collision energies.  The initial and final separations were both 
12 Å, and the maximum impact parameter was 4.0 Å.  The vibrational quantum number of the 
reactant O2 was v = 0, and its rotational quantum number was set to one of j = 1, 11, or 21.  In 
the final-state analysis, the Gaussian width parameter was 0.05.  For a detailed description see 
Ref. 43. For each set of initial states, 8,000,000 trajectories were calculated on the Babikov et al. 
PES23 and 20,000 on the Dawes et al. PES.25, 26  The inelastic and reactive translational energy 
and angular distributions calculated on the two PESs were identical within statistical error.  This 
agreement suggests that, as expected, because of the very large collision energy, the presence or 
absence of the submerged reef in the O + O2 channel, which is the main difference between the 
two PESs, does not significantly influence the dynamics of the collisions.  In this paper, we 




IV.  RESULTS  
 
A.  Inelastic Collisions.  In the experiments, the lab frame TOF and angular distributions 
of the inelastically scattered 16O atoms were measured.  In the QCT calculations, a collision was 
considered inelastic if the rotational or the vibrational quantum number of the 18O18O molecule 
changed by one (note that in classical mechanics the “quantum number” associated with the 
angular momentum of the molecule changes continuously and that we have disregarded the 
symmetry restrictions on the final rotational states).  Figures 2a-c show representative lab-frame 
TOF distributions, and Figure 2d shows the lab-frame angular distribution, along with the best-fit 
curves derived from the c.m translational energy, P(ET), and angular, T(θ), distributions shown in 
Figures. 3a,b and the lab-frame predictions from the QCT c.m. translational energy and angular 
distributions, also shown in Figs 3a,b.  As seen in Fig. 2, both sets of P(ET) and T(θ) distributions 
in Fig. 3 (red and blue) give good fits to the lab-frame TOF and angular distributions.  The 
experimental and QCT P(ET) and T(θ) distributions show the same trends, but their widths differ.  
The fact that the lab-frame predictions, calculated from the best-fit experimental and the QCT 
c.m. P(ET) and T(θ) distributions through the forward convolution method, are almost identical is 
an indication that the forward convolution procedure is not very sensitive to the exact shape of 
the c.m. distributions.  This insensitivity is understandable in part because, when the P(ET) and 
T(θ) distributions are fairly narrow, the width of the lab-frame TOF distributions is dominated by 
the temporal width of the incident hyperthermal beam pulse, which is ~20 µs FWHM.  There are 
additional broadening effects, from the distribution of c.m. collision energies in the experiment, 
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the uncertainty in flight path from the finite sizes of the crossing regions of the two beams and 
the ionization volume of the electron-impact ionizer, and the finite angular spread of detection 
angles.  While we attempt to account for all the broadening effects in our analysis, errors cannot 
be avoided especially when the P(ET) and T(θ) distributions of the relevant dynamical process 
are very narrow.  When deriving c.m. distributions from the experimental TOF and angular 
distributions, we typically make the P(ET) distribution as broad as possible such that it still gives 
a good fit to the TOF data.  This standard procedure leads to a best-fit P(ET) distribution whose 
width is roughly an upper limit.  Thus, the width of the “true” or “canonical” P(ET) distribution 
may be smaller.  If the P(ET) distribution is too broad, then the c.m. angular distribution is likely 
to have to be made too narrow in order to give an acceptable fit to the lab-frame angular 
distribution.  Indeed, the QCT calculations give a P(ET) distribution that is narrower than the 
best-fit experimentally-derived P(ET) distribution, and they give a T(θ) distribution that is 
broader than the experimentally-derived T(θ) distribution.  A test was done to approximate the 
broadening effects in the experiment by running a set of QCT calculations with a Gaussian 
distribution of collision energies that matched the experimental distribution, and it was found 
that the QCT P(ET) distribution became broader and was close to the shape of the experimental 
best-fit P(ET) distribution.  This test was a further indication of the good agreement between the 
experimental and QCT results.  Having thus gained a fair degree of confidence in the QCT 
calculations, we chose to focus on a single collision energy (86 kcal mol-1) and use the QCT 
results for this energy to characterize the inelastic scattering dynamics.  The T(θ) distribution 
obtained from QCT calculations is characterized by a forward peak that decays by a factor of 10 
within 30 degrees (Fig. 3a). The nearly-elastic peak of the calculated final translational energy 
distribution is very narrow, with FWHM < 2 kcal mol-1.  This distribution for O(3P) + 18O18O is 
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much narrower than the P(ET ) distribution observed in inelastic scattering during hyperthermal 
collisions of a system that might be expected to have similar dynamical behavior, O(3P) + C18O, 
where the FWHM is >10 kcal mol-1.35  
B. Reactive Collisions: Isotope Exchange.  Representative TOF and angular 
distributions of reactively scattered product 16O18O molecules in the laboratory frame are shown 
in Figs. 4a-d and Fig. 4e, respectively.  The P(ET) and T(θ) distributions used to obtain these fits are 
shown in Fig. 5.  The T(θ) distribution in Fig. 5a indicates that the 16O18O product is forward and 
sideways scattered with respect to the direction of the reagent 16O atom.  The P(ET) distribution in 
Fig. 5b has a maximum at 55 kcal mol-1, with an average of <ET> = 49.8 kcal mol-1, which is 58% of 
the available energy (Eavl = 86 kcal mol-1).  Thus, a significant amount of energy (on average 36 
kcal mol-1) goes into internal excitation of the 16O18O product.  
 Figures 6a-c show vibrationally and rotationally resolved distributions of reactively 
scattered 16O18O(v',j') molecules, obtained from the QCT calculations.  For comparison, the 
analogous QCT results for inelastic scattering are also shown in Figs. 6d-e.  For all product 
vibrational states, the newly formed 16O18O molecules are mostly forward scattered relative to 
the direction of the reagent 16O atoms (Fig. 6a).  The overall c.m. translational energy 
distribution (Fig. 6b) has an average energy of 52.7 kcal mol-1, which corresponds to an 
average internal excitation of 33.3 kcal mol-1, or ~8 vibrational quanta.  For low vibrational 
states (up to v' = 4) of the product 16O18O molecules, the translational energy distributions are 
bimodal, with one peak near the available energy and one peak at about 30 kcal mol-1 lower 
energy.  The presence of a low-translational-energy peak when v' ≤ 4 and the relatively high 
probabilities of forming 16O18O products in these vibrational states indicate that a significant 
fraction of reactive collisions produce rotationally hot 16O18O molecules.  The presence of the 
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low-translational-energy peak makes the overall translational energy distribution very broad 
and gives rise to maximum at a relatively low ET.  Figure 6c shows the vibrationally resolved 
rotational distribution for the 16O18O product.  The peak in the rotational distribution near j' = 90 
for ν' = 0 – 4 corresponds to the lower energy bump in the translational energy distribution at 
about 50 kcal mol-1 (Fig. 6b).  As the vibrational excitation increases, the peak of the rotational 
distribution shifts toward lower quantum numbers, and its height reduces because the available 
energy decreases.  Accordingly, the low-translational-energy peak (Fig. 6b) becomes less 
pronounced.   
In comparison with reactive collisions, the location of the peak of the rotational 
distribution of the 18O18O molecules after inelastic collisions is at about j' = 50 for low product 
vibrational excitation and varies slightly with the vibrational quantum number (Fig. 6f).  The 
shape of this distribution hardly depends on whether the initial rotational quantum number is 1 or 
11.  For collisions in which the vibrational quantum number of 18O18O remains 0, the peak of the 
rotational distribution is orders of magnitude higher than for v' ≠ 0 and is located at j' = 2 and j' = 
12, respectively, for initial j = 1 and j = 11.   
In test calculations, the product state distributions at Ecoll = 86 kcal mol-1 were found to be 
identical within statistical error for mass combinations 16-18-18, 18-18-18, and 16-16-16.  This 
allows us to make an estimate of the combined final vibrational and rotational state distribution of 
the O2 molecule after collisions with an O atom, approximately valid for all three mass 
combinations, including both reactive and inelastic collisions.  The tabulated data for the 16-16-16 
combination, which dominates O + O2 collisions in the atmosphere, can be found in Table S1 of 




We have observed markedly different dynamics for inelastic collisions and isotope 
exchange reactions, even though both channels are apparently governed by the same ground-
state PES.   
The P(ET) distribution for inelastic scattering from QCT calculations in Figure 3b is very 
narrow and has a maximum only slightly below the available energy of 86 kcal mol-1, indicating 
that after the collision 18O18O is generally vibrationally unexcited and has a low level of rotational 
excitation.  The P(ET) distribution thus indicates that mildly rotationally inelastic collisions 
dominate the inelastic scattering dynamics, and the T(θ) distribution (Fig. 3a) shows that 16O 
atoms are preferentially scattered in the forward direction, relative to the direction of the reagent 
16O atoms, leading to the conclusion that they are produced in large-impact-parameter collisions.   
As described in section IV B, a broad P(ET) distribution is required to fit the experimental 
data for the isotope exchange reaction, implying that the 16O18O product has a broad distribution of 
internal energies.  The experimental P(ET) distribution, seen in Fig. 5, ranges from 10 to 86 kcal 
mol-1 and has a maximum at ~56 kcal mol-1.  However, the distribution is fairly flat between 40 
and 60 kcal mol-1 and the width is large (FWHM ~ 65 kcal mol-1).  The P(ET) distribution from 
the QCT calculations is also broad, and it agrees well with the experimental P(ET) distribution on 
the high-energy wing.  But at lower translational energies it runs significantly below the latter, the 
deviation being the largest near 30 kcal mol-1.  This difference is believed to be outside the error 
range of the experiment and suggests that the QCT calculations may underestimate the extent of 
highly internally excited 16O18O products, similar to what was reported in the studies done with 
lower collision energies.1, 2  
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The most surprising feature of the QCT product translational energy distribution for 
isotope exchange is the bimodality of the vibrationally resolved P(ET) distributions, which hints at 
a dual mechanism for the O-atom exchange reaction (see Fig. 6b).  In the analogous distributions for 
inelastic collisions there are also signs of a second peak but it is hardly visible because it is 
superimposed on the tail of the narrow quasi-elastic peak.  In order to understand this possible dual 
mechanism, we have run 1,000,000 trajectories at fixed impact parameters, b, set at 0.1 Å intervals 
from 0 to 4.0 Å.  The opacity functions for both the reactive and inelastic processes are shown in 
Fig. 7.  The probability of O-atom exchange is below 20% at zero impact parameter and 
increases to about 30% at b = 1.5 Å, and it decays quickly as b increases further.  The probability 
of inelastic energy transfer (defined as collisions resulting in excitation of 18O18O by at least one 
rotational or vibrational quantum) complements that of the reaction to unity up to b = 2.1 Å.  At 
larger impact parameters, the probability of inelastic collisions decreases (with elastic collisions 
dominating) because the interaction is weak.  
Concerning the dynamics of the energy transfer and O-atom exchange, the fraction of 
collisions in which the system enters the potential well is informative.  During integration of 
each trajectory, we recorded the lowest potential energy.  Trajectories during which the potential 
energy went lower than −0.4 kcal mol-1 are considered to have entered the potential well.  Figure 
7 also shows the probability of such collisions, separated according to inelastic and reactive 
collisions and their sum.  In the vast majority of collisions with impact parameters above 2 Å, 
which are essentially all inelastic, the interaction energy remains repulsive during the entire 
encounter, and in the small fraction of these high-impact-parameter inelastic collisions where the 
trajectory visits the attractive part of the PES, the potential energy does not decrease below about 
−0.4 kcal mol-1.  This indicates that the mechanism of inelastic energy transfer is different in the 
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large and small impact parameter domains.  In the former, not surprisingly, the glancing 
encounters are favorable for pure rotational excitation of the (initially cold) O2 molecule, while 
in the latter, there is very strong interaction between the partners, and both rotational and 
vibrational excitation may occur.     
 The mechanism of O-atom exchange at very small impact parameters is especially 
interesting.  As can be seen in Fig. 7, the sum of the probabilities for entering the potential well 
in reactive and inelastic encounters remains below unity for all impact parameters, suggesting 
that some collisions do not enter the potential well even when the impact parameter is very low.  
Indeed, as Fig. 7 indicates, when b < 0.5 Å about one half of reactive events take place without 
entering the potential well.  Although this may seem surprising, the inspection of animated 
trajectories provides an explanation (see Supporting Information for examples of animated 
trajectories).  In collisions of this type, the attacking O atom approaches almost perpendicular to 
the axis of the O2 molecule, but always somewhat closer to one of its ends.  Then it hits the closer 
O atom from which it is repelled towards the other, going through an almost equilateral 
triangular configuration, and then it departs with the O atom that was farther away at the point of 
initial encounter.  In most of the reactive collisions with impact parameters larger than ~0.5 Å, 
the attacking O atom enters the well and forms a bond with one of the two 18O atoms.  
Remarkably, there are also encounters in this impact parameter domain in which pure vibrational 
energy transfer takes place.  In such events the arrangement of the three atoms remains close to 
collinear throughout the collision. 
Another special case is the mechanism of O-atom exchange in the vicinity of the peak of 
the opacity function, at b ~ 1.6 Å.  This impact parameter is favorable for entering the potential 
well without changing the course of the attacking atom, so the system goes deep into the 
 18 
potential well.  The section of the PES in Fig. 8 shows that at this impact parameter the cone of 
acceptance is very large, but in order to enter the well without any barrier the 16O atom has to 
arrive at an angle to the axis of the 18O18O molecule and there will be a torque that causes the 
complex to start to rotate as a whole, generating a rotationally excited (reactive or nonreactive) 
product.  The arrows in Fig. 8 illustrate two limiting cases.  If the attacking 16O atom enters the 
potential well in the direction towards the center of the molecule, it hits the repulsive wall 
marked by B in Fig. 8, from which it will be repelled without O-atom exchange, inducing 
rotational and vibrational excitation of the reactant molecule.  On the other hand, if the direction 
of approach points toward one of the 18O atoms, the attacking 16O hits the repulsive wall marked 
by A in Fig. 8.  Such trajectories may lead to reaction if the 18O−18O stretch vibration is in the 
expanding phase.  The 16O will then pull the attacked 18O farther away from the other and 
abstract it with a large probability.  The nascent 16O18O product will consequently be highly 
rotationally excited because of the initial sideways component of the relative momentum.   
If the three atoms formed a long-lived complex, one would expect complete mixing of 
energy and a product distribution that is both statistical in its dynamical behavior and its 
distribution of reactive vs. inelastic products.  At low collision energies, the lifetime of a fraction 
of collisions has been found to be long enough to achieve statistical distribution of reactive vs. 
inelastic products,1,2 i.e., the three O atoms leave the complex with equal probability, yielding a 
branching ratio 2:1 for reactive vs. non-reactive decomposition of the complex.  However, even 
at collision energies as low as 5.7 kcal mol-1, the angular distribution of the reactively scattered 
products shows forward bias.   At the high collision energy of our study, the forward bias is 
much more intense.  In fact, our calculations have shown that with the increase of the collision 
energy the forward biased angular distributions retain a remarkable turn-up at 180°, which 
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disappears only at a high collision energy of ~66 kcal mol-1.  Animated trajectories at Ecoll = 86 
kcal mol-1 show that in the majority of collisions the three O atoms spend only one or two stretch 
vibration periods together, and the visual impression is similar to trajectories of direct reactions.  
Even though in almost all collisions at impact parameters below 2.1 Å the system does enter the 
potential well, the time spent as a three-atom complex is far too short for energy randomization 
and the collision dynamics are effectively impulsive.  Even if the three-atom complex lived 
longer, it would not be expected to achieve complete randomization of energy because of the 
relatively shallow potential well and the highly harmonic nature of the PES immediately below 
the dissociation limit.24, 45  It is thus not surprising that the maximum probability of reaction in 
Fig. 7 is only about 30%. 
The dynamical picture outlined above is supported by two-dimensional plots of 
distributions (Figs. 9a-d) that show how the reaction or inelastic collision probability varies with 
impact parameter and scattering angle or final translational energy.   Figures 9a and 9b show 2D 
plots of the angular distribution at various impact parameters for inelastically and reactively 
scattered products, respectively.  The vast majority of inelastic collisions (Fig. 9a) take place at 
large impact parameters and correspond to forward scattering.  Fig. 9a also shows a peak at small 
impact parameters.  In fact, only a small fraction (~ 4%) of collisions takes place at b < 0.4 Å.   
Among them, inelastic collisions scatter the attacking atom backward, and reactive collisions 
also tend to scatter the product (16O18O) into the sideways or backward direction (Fig. 9b).  These 
peaks are not visible in the calculated overall (and similarly the experimentally observable) 
angular distribution, which is an average over all impact parameters, where the low impact 
parameter range has a low weight.  As a result, the effect of the collisions at low impact 
parameters is not evident.  Among inelastic collisions, those occurring at large impact parameters 
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are almost elastic, where the energy converted from translation to rotation is predominantly one 
or two rotational quanta (Fig. 9c).  More energy goes to rotation and vibration of the inelastically 
scattered O2 at impact parameters slightly below 2 Å and also when the impact parameter is very 
small.  About one half of inelastic trajectories in the former region and all of them at small b (see 
Fig. 7) enter the potential well where strong interaction between the degrees of freedom takes place.   
The main feature in the angular distribution for reactive 16O18O products is also 
preferential forward scattering, which is seen in the QCT and experimental results.  Collisions 
responsible for forward scattering occur at medium impact parameters, between ~1.0 and 1.8 Å 
(Fig. 9b).  In this impact parameter range the distribution extends to relatively large scattering 
angles because, as mentioned above, the system penetrates the potential well, and because this 
situation occurs with bent O-O-O arrangements.  This impact parameter range is responsible for the 
breadth of the experimental angular distribution.  Figure 9d shows that the impact parameter region 
of 1.0 to 1.8 Å has an exceptional role in determining the shape of the reactive P(ET) distribution, 
too (Fig. 9d).  The large width of the experimental translational energy distribution comes from this 
range of impact parameters, where the O-atom exchange probability is also the largest (see Fig. 7).   
In the low-impact-parameter regime (b < 0.5 Å), the peak of the translational energy distribution is 
at 65 to 83 kcal mol-1, slightly decreasing when b increases.  The same pattern can be seen in Fig. 
9c, which indicates that in this impact parameter range the internal motion in the encounter complex 
is similar and it is more or less a question of chance whether the outcome is reactive or inelastic.      
The dependencies of the probability of formation of reactive or inelastic products in 
particular rotational and vibrational states with impact parameter (Fig. S1, Supporting Information) 
are consistent with those of the translational energy and angular distributions and show that the 
impact parameter range between about 1.0 and 1.8 Å is where large rotational and large vibrational 
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energy transfer takes place not only in the collisions leading to O-atom exchange but also to 
inelastic energy transfer. 
The QCT calculations were performed on a ground-state PES and produced results in good 
agreement with the experiment.  At the very large collision energy in our system, excited electronic 
states are energetically available.  The fact that the dynamics calculations reproduce the experiments 
very well and provide a sensible explanation for the observed features suggests, in the spirit of 
Occam’s razor, that there is no need to assume that the excited electronic states are involved in the 
dynamics.  This can be rationalized by considering that the very large velocities of atoms that occur 
in our study are not favorable for nonadiabatic transitions.  However, even when higher electronic 
states are not involved, nonadiabatic dynamics may occur in ground-state reactions as a result of 
fine-structure effects, which was observed in the O + D2 ! OD + D reaction.46, 47  Nevertheless, in 
this example, the rovibrational state distributions were predicted well with theoretical calculations 
that did not consider these additional effects.  Thus, we cautiously suggest that a ground-state PES 
should be sufficient in situations where the goal is to explain the nuclear dynamics in O + O2 
collisions up to hyperthermal energies.   
 
VI. CONCLUSION 
 A combined crossed molecular beams and quasiclassical trajectory (QCT) study has been 
performed to understand the outcome of 16O(3P) + 18O18O(3Σg−) collisions at a hyperthermal 
collision energy of 86 kcal mol.-1  The QCT calculations relied only on a ground-state PES to 
describe the dynamics, and the results of these calculations agreed well with the experimental 
observations.  The experimentally observed translational energy and angular distributions have 
some remarkable characteristics.  The translational energy distribution for the products of O-
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atom exchange is broad, and the angular distribution of the reactively scattered 16O18O is also 
broad.  While it is strongly forward biased, the fraction of sideways and backward scattered 
products is significant, reflecting a complex interaction between the 16O atom and the 18O18O 
molecule that leads to O-atom exchange.  On the other hand, the translational energy 
distributions for the inelastically scattered products and the angular distribution of the 
inelastically scattered 16O are exceedingly narrow, indicative of scattering that is dominated by 
high-impact-parameter collisions.   
The QCT calculations reveal three qualitatively different interaction mechanisms that 
depend on impact parameter.  In the large impact parameter range above 2.1 Å, collisions are 
inelastic or even elastic.  The translational energy distribution corresponding to products of these 
collisions consists of a very narrow nearly elastic peak.  For such collisions, the colliding 
partners do not enter deep into the potential well.  Collisions are glancing, and the attacking atom 
is forward scattered.  In the intermediate impact parameter range between 1.0 and 1.8 Å, the 
system enters the potential well in essentially all collisions.  In both reactive and inelastic 
encounters, the products are preferentially forward scattered, but significant sideways scattering 
can be seen if a large amount of the available energy is transferred into rotation and/or vibration.  
The attacking atom remains in close contact with the other two O atoms for one or two stretch 
vibrational periods, and the attacking atom (16O) is preferentially ejected.  For the collisions in 
which the partners do react, significant rotational excitation and sideways scattering can be seen, 
because the attacking atom enters the potential well at an angle to the axis of the O2 molecule.  
Collisions in this intermediate impact parameter range are responsible for the large width of the 
experimental translational energy distribution and the relatively large sideways and backward 
scattering in O-atom exchange encounters.  In the low-impact parameter range (<1.0 Å), most 
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collisions enter the potential well and are repelled by the inner wall.  In inelastic collisions, the 
16O atom is scattered backward.  In reactive collisions, sideways and backward scattering 
dominate.  In less than 10% of such collisions, the system does not enter the potential well.  All 
such collisions are reactive and instantaneous.  The attacking O atom first hits one of the atoms 
of the molecule and then forms a bond with the other with which it departs. 
Even though the system enters the potential well in the most reactive intermediate impact 
parameter range, the attacking atom departs alone in more than 65% of the cases because the 
collision energy is so large that the complexes are not long-lived.  The effect is not because of 
the small mass difference between the attacking 16O atom and the 18O atoms of the molecule.  
According to the QCT calculations, in which nuclear statistics are not taken into account, all 
distributions remain, within Monte Carlo error, the same when the attacking atom’s mass is 
changed to 18O.  The deviation from non-statistical dynamical behavior due to the short-lived 
complexes is similar to but much more extreme than the behavior observed at lower collision 
energies.1, 2 
The cross sections for O-atom exchange and energy transfer are 3.0 and 22.0 Å2 
according to the QCT calculations.  The ratio of these is 1:7.3.  From the experiment we obtained 
1:5.25 for the same ratio, which is in reasonably good agreement.  The cross section for the 
transfer of one or more vibrational quanta is also very large, around 6 Å2.  The average internal 
energy in the O2 molecule after the collision is about 12 kcal mol-1 or 14% of the initial collision 
energy, one half of which comes from O-atom exchange and one half from inelastic collisions.  
Thus, in extreme environments where O and O2 may collide with hyperthermal relative velocities, 
the scattered O2 molecules will be highly vibrationally and rotationally excited.  The use of a 
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ground-state PES to describe the energy disposal in these hyperthermal inelastic and reactive 
collisions should be appropriate.  
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Figure 1.   (a) Newton diagram showing the inelastic scattering Newton circle for atomic oxygen 
(purple) and the reactive scattering Newton circle for the isotope (O-atom) exchange product 
(blue), assuming that 100% of the available energy goes into translation.  (b) Center-of-mass 
collision energy distributions for 16O-36O2 and 32O2-36O2 collisions between the components of 
the hyperthermal beam and the 36O2 in the supersonic beam.  The average velocity of the 16O(3P) 
in the hyperthermal beam was 8037 m s-1, corresponding to a collision energy of 86 kcal mol-1 







Figure 2.  (a-c) Representative time-of-flight distributions and (d) laboratory angular distribution 
of inelastically scattered 16O(3P) atoms following collisions of 16O(3P) with 18O18O at Ecoll = 86 
kcal mol-1.  The yellow circles are the experimental data.  The solid lines are the forward 
convolution simulations to the data.  The red curves are considered to be the best-fit curves from 
the experimental data, using the c.m. translational energy and angular distributions shown as red 
curves in Figs. 3a,b.  The blue curves are derived from the QCT c.m. translational energy and 
angular energy distributions shown as blue curves in Figs. 3a,b.  In (d), the error bars represent 
±1σ uncertainty in the integrated number density. 
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Figure 3.   (a) Center-of-mass angular distributions, T(θ), for the inelastically scattered 16O 
atoms from collisions of 16O(3P) with 18O18O at Ecoll = 86 kcal mol-1.  (b)  Center-of-mass 
translational energy distributions, P(ET), for the inelastically scattered 16O atoms from collisions 
of 16O(3P) with 18O18O at Ecoll = 86 kcal mol-1.    The red curves are considered to be the best-fit 




Figure 4.  (a-d) Representative time-of-flight distributions and (e) laboratory angular distribution 
of reactively scattered 16O18O molecules following the isotope (O-atom) exchange reaction of 
16O(3P) with 18O18O at Ecoll = 86 kcal mol-1.  The yellow circles are the experimental data.  The 
red curves are considered to be the best-fit curves from the experimental data, using the c.m. 
translational energy and angular distributions shown as red curves in Figs. 5a,b.  The blue curves 
are derived from the QCT c.m. translational energy and angular distributions shown as blue 
curves in Figs. 5a,b.  The light-blue shaded regions represent the error in the fit, corresponding to 
the light-blue shaded regions in Fig. 5.  The error bars in (e) represent ±1σ uncertainty in the 




Figure 5.  (a) Center-of-mass angular distributions, T(θ), for reactively scattered 16O18O 
molecules from collisions of 16O(3P) with 18O18O at Ecoll = 86 kcal mol-1.  (b)  Center-of-mass 
translational energy distributions, P(ET), for reactively scattered 16O18O molecules from collisions 
of 16O(3P) with 18O18O at Ecoll = 86 kcal mol-1.  The red curves are considered to be the best-fit 
distributions from the experiment, and the blue curves come from the QCT calculations.  The 
light-blue shaded regions represent the error in the experimental result, corresponding to the 






Figure 6.  Vibrationally and rotationally resolved distributions of (a-c) reactively scattered 
16O18O(v',j') molecules and (d-f) inelastically scattered 18O18O molecules from collisions of 
16O(3P) with 18O18O at Ecoll = 86 kcal mol-1, from QCT calculations.  (a,c) Vibrationally resolved 
angular distributions, T(θ).  (b,e) Vibrationally resolved translational energy distributions, P(ET).  
(c,f) Rotational state distributions corresponding to various vibrational states.  In (a) and (d), θ is 
the angle between the scattered 16O18O and 16O product, respectively, and the initial direction of 




 Figure 7.  Probability of O-atom exchange (“reaction”) and of energy transfer from translation to 
the internal degrees of freedom of 18O18O (“inelastic”) as a function of impact parameter, obtained 
from QCT calculations using the experimental collision energy of 86 kcal mol-1.  The probability of 





Figure 8.   Contour plot of the O + O2 potential energy surface as a function of the location of 
the attacking O atom.  The O2 molecule is positioned along the Y axis with its center of mass at 






Figure 9.  Angular distributions at various impact parameters for (a) inelastic collisions and (b) 
reactive collisions, and translational energy distributions at various impact parameters for (c) 
inelastic collisions and (d) reactive collisions.  These are QCT results with a collision energy of 
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